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We describe the epitaxial growth of InSb films on both Si (001) and GaAs (100)
substrates using molecular-beam epitaxy and discuss the structural and
electrical properties of the resulting films. The complete 2 lm InSb films on
GaAs (001) were grown at temperatures between 340C and 420C and with
an Sb/In flux ratio of approximately 5 and a growth rate of 0.2 nm/s. The films
were characterized in terms of background electron concentration, mobility,
and x-ray rocking curve width. Our best results were for a growth tempera-
ture of 350C, resulting in room-temperature mobility of 41,000 cm2/V s. For
the growth of InSb on Si, vicinal Si(001) substrates offcut by 4 toward (110)
were used. We investigated growth temperatures between 340C and 430C
for growth on Si(001). In contrast to growth on GaAs, the best results were
achieved at the high end of the range of TS = C, resulting in a mobility of
26,100 cm2/V s for a 2 lm film. We also studied the growth and properties of
InSb:Mn films on GaAs with Mn content below 1%. Our results showed the
presence of ferromagnetic ordering in the samples, opening a new direction in
the diluted magnetic semiconductors.
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INTRODUCTION
The replacement of native oxides with deposited
oxides in complementary metal-oxide semiconductor
(CMOS) technology opens the door to replacing the
Si with semiconductors without high-quality native
oxides. For example, the use of InSb in logic appli-
cations could allow much lower operating voltages
and power dissipation due to the InSb channels
reaching saturation at significantly lower electric
fields. Epitaxy of InSb onto Si could be done directly
or by using an intermediate layer such as GaP,
GaAs, or InP. Furthermore, InSb, the narrowest
bandgap traditional III–V material, has potential
applications in high-speed devices, infrared detec-
tors and magnetic sensors. For these applications,
InSb thin films should be grown on semi-insulating
infrared transparent substrates. Although there is a
large lattice mismatch (14.6%) with InSb, GaAs is
still an attractive substrate material, due to its
chemical stability and high resistivity. The epitaxial
growth of InSb on GaAs substrates has been dem-
onstrated by several groups using a variety of
preparation methods, such as molecular beam epi-
taxy,1,2 liquid phase epitaxy3 and metalorganic
chemical vapor deposition (MOCVD).4 From those
investigations, it was found that the growth mech-
anism is quite complicated. It depends not only on
the substrate orientation and the surface prepara-
tion but also strongly on the growth conditions.
Fewer papers have been concerned with the het-
eroepitaxy of InSb on Si than with the growth on
GaAs.5,6 The difficulties involved in growth of high-
quality InSb films on Si include the large lattice
mismatch (19%), the different thermal expansion
coefficients (aInSb  2aSi at room temperature) and
antiphase domain formation due to the growth of a(Received November 30, 2007; accepted September 2, 2008;
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polar semiconductor on a nonpolar semiconductor.7
Some problems have been eliminated by the use of
tilted substrates,8 indium pre-deposition and the
insertion of various buffer layers.9–11
In our paper we describe, in detail, the growth of
InSb on both GaAs (001) and Si (001) using molec-
ular-beam epitaxy (MBE), and we compare the
growth and properties of the resulting InSb films.
Specific aspects of our techniques include the incor-
poration of a low-temperature InSb buffer (for the
GaAs substrate), introduction of a GaSb/AlSb su-
perlattice buffer, and the use of a misoriented sub-
strate (for the Si substrate) to restrain the formation
of dislocations generated by the lattice mismatch.
The study of InSb/GaAs and InSb/Si layers also
involved structural characterization by x-ray dif-
fraction and electrical properties by Hall effect
measurement. We also describe the growth of
(In,Mn)Sb films on GaAs. The magnetotransport and
magnetic properties of the films were studied using
Hall and magnetization measurements. We present
our results of this new III-Mn-V diluted magnetic
semiconductor material.
EXPERIMENTAL
The growth of InSb/GaAs was carried out in a
Riber Compact 21T gas-source MBE system equip-
ped with reflection high-energy electron diffraction
(RHEED). The semi-insulating (001) GaAs sub-
strates with 107 X cm resistivity at 22C were first
etched by standard wafer cleaning recipes before
being loaded in to the MBE system. In the MBE
system the indium beam is provided by conventional
effusion cell and the antimony cell is cracked with
temperatures between 800C and 900C. Immedi-
ately prior to growth, the thin oxide layer on the
substrate surface was desorbed at 600C under
ultra-high vacuum in a growth chamber, with
antimony flux. Then, the substrate temperature
was decreased to approximately 300C to grow a
600 A˚ InSb layer. Subsequent to the low-tempera-
ture growth of this initial InSb layer, the substrate
temperature was raised to the intended tempera-
ture for growth of 2 lm InSb films. Four samples
were grown under the same Sb/In flux ratio and
growth rate, but at various growth temperatures of
340C, 350C, 360C and 370C. After the growth of
the InSb films, the temperature was reduced to
approximately 200C under the antimony flux.
The growth of InSb on Si (001) was also investi-
gated. The Si substrates (p-type, with 50–80 X cm
resistivity) 4 offcut (001) toward (110) were first
cleaned in hot H2O Æ NH4OH Æ H2O2 (4:1:1) and
then subjected to fresh HF (49%) and removal in
H2O:HCl:H2O2 (4:1:1) and dilute H2O:HF (10:1)
solutions before being loaded into the MBE system.
We had reduced the substrate temperature to TS =
1015C to obtain a surface characterized by double-
height steps.12 After the substrate temperature
had been cooled to the InSb growth temperature, a
30-period strained-layer superlattice consisting of
10 A˚ GaSb/10 A˚ AlSb periods was incorporated
between the substrate and the 2 lm InSb layer. We
investigated growth temperatures between 340C
and 430C.
The (In,Mn)Sb films were grown on GaAs sub-
strates under the same growth conditions as for InSb
on GaAs, described above. The Sb/In flux ratio was
approximately 5, and the growth rate was 2 A˚/s.
Growth of a 1 lm undoped InSb buffer layer was
followed by epitaxy of 1 lm (In,Mn)Sb film at TMn =
670C. We estimate the Mn content to be approxi-
mately 0.5% from the Mn/In flux ratio, and con-
firmed this by high intensity x-ray measurements.
Rocking curves were measured by high-resolution
x-ray diffraction (XRD), carried out in a Bede sci-
entific QC1a diffractometer.13 Samples were moun-
ted horizontally, with no adhesives, on detachable
sample cassettes. The measurements were made in
the h–2h configuration.
Hall mobility and carrier concentration have been
studied using the van der Pauw method14,15 on
4 9 4 mm2 samples. Indium contacts with small
dimensions in comparison with the length of an edge
were made at corners of the sample by annealing at
200C in a H2(20%)/N2(80%) atmosphere for 2 min.
Hall measurements at the magnetic field of 0.5 T
were carried out for temperatures ranging from 9 K
to 300 K in a closed-cycle helium cryostat.
We used magnetization measurements, done with
a superconducting quantum interference device
(SQUID), to study the magnetic properties of the
(In,Mn)Sb samples with a temperature control sys-
tem in the range of 2–400 K and a magnet control
system from zero to positive and negative 7 T. Those
samples were also examined by Hall measurements
for magnetotransport properties on photolitho-
graphically patterned Hall bars with a width of
200 lm and a length of 1.3 mm. The measurements
were carried out with a 7 T superconducting magnet
with a variable temperature insert and a He cryostat.
RESULTS AND DISCUSSION
The crystal quality of the InSb films can be
obtained from the x-ray diffraction measurements.
Figure 1a shows the (004) double-crystal x-ray
(DCXR) patterns of InSb/GaAs films grown at vari-
ous growth temperatures. In all patterns, only
peaks due to InSb and GaAs were observed. The
InSb films were strongly oriented in the (001)
direction on the substrate, and the InSb (004) peaks
appeared with quite strong intensity. For the sam-
ple grown at 350C, the InSb (004) peak exhibited
the highest intensity, and the full-width at half-
maximum (FWHM) decreased to approximately 380
arcseconds compared to 439, 494, and 549 arcsec-
onds at 340C, 360C, and 370C, respectively.
These DCXR results imply that the substrate tem-
perature around 350C is suitable to grow InSb/
GaAs with good crystal quality.
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In addition, the values of lattice strain were cal-
culated to be smaller than 0.05%, indicating that
the films were all nearly 100% relaxed. This result
can be easily understood, because the lattice strain
energy builds up to a point where it becomes ener-
getically favorable to form misfit dislocations, when
the film is thick enough. At this point, the initially
strained film would ideally decompose to a relaxed
structure where the generated dislocations relieve a
portion of the misfit. The large mismatch between
the InSb film- and GaAs substrate-introduced misfit
and threading dislocations has been investigated
and reported by Weng et al.1,16
In the case of InSb/Si, it is much more difficult to
obtain a good crystal quality of InSb film with a
smooth surface. To improve the crystal quality, we
applied several techniques. One of the techniques
was the use of two-step temperature growth, that is,
the growth at high temperatures such as 420C on a
350C pre-grown layer. We also used the insertion
of various buffer layers between the substrate and
the active InSb layer, such as AlSb, GaAs and a
GaSb/AlSb superlattice, to reduce the lattice mis-
match. The best results included the GaSb/AlSb
superlattice. Two XRD patterns of InSb/Si films
grown at 380 and 420C with a GaSb/AlSb super-
lattice are presented in Fig. 1b. The strain between
the layers resulted in the right shoulder of the InSb
peak. The InSb peaks related to the (004) plane
appeared with quite high intensity. For the sample
grown at 420C, the FWHM was found to be
approximately 951 arcseconds. This value was
smaller than those of the samples of InSb/Si grown
at other conditions. The lattice constant of this InSb
film determined from the XRD peak was 6.476 A;
and this value matches closely the lattice constant
of the InSb bulk. These results show that a high-
quality InSb epilayer can be grown on a Si substrate
using the GaSb/AlSb superlattice layer.
In order to assess the electrical properties,
we performed Hall measurements on Van der
Pauw14,15 samples (4 mm in squares) formed on the
InSb layers. These measurements gave apparent
carrier mobility and concentration. Figure 2 shows
the experimental carrier concentration as a function
of measured temperature for InSb/GaAs. All sam-
ples are n-type in the entire temperature range. The
experimental results were then compared with the
calculation of the carrier concentration for the 2 lm
thick InSb films. It is well known that the carrier




where q is the electron charge and RH is the Hall






where the subscripts b and s refer to the bulk and
surface, respectively; r is conductivity and d ¼
ds þ db is total thickness.17 For a bulk semiconduc-
tor with simultaneous electron and hole conduction
(a)
(b)
Fig. 1. Double-crystal x-ray rocking curves for (a) InSb/GaAs grown
at 370C, 360C, 350C, and 340C, and (b) InSb/Si grown at 420C
and 380C.
Fig. 2. Experimental carrier concentration as a function of measured
temperature for InSb/GaAs.
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andrb ¼ re þ rh ¼ qðnle þ plhÞ;
where n (p) is the electron (hole) concentration
and le (lh) is electron (hole) mobility.
18 The tem-
perature dependence of n and p are given by the
equation:
n ¼ p ¼ 4:28 1015T1:5ðmemh=m2Þ3=4 expðEg=2kTÞ;
where m is the mass of the electron in free space and
me (mh) is the effective mass of the electron (hole).
19
For InSb, me ¼ 0:014 m and mh ¼ 0:43 m: The band
gap, Eg, is taken to vary with the temperature
according to
Eg ¼ 0:24 6 10
4T2
T þ 500 :
First, we assume that the surface layer consists of
electrons and that the surface layer is much thinner
than the bulk layer. Therefore, the following iden-
tities are exposed:
d ¼ db; RHs ¼ 1
qns
; rs ¼ qnsls; dsns ¼ Ns;
where ls (ns) is electron mobility (concentration) of
the surface layer and Ns is the sheet electron con-
centration. Second, Ns is assumed to be temperature
independent and to have a value of 3:6 1012 cm2:










We can then write the Hall constant in the form:
RH ¼ d
q








RH ¼ 1:25 1015 1798 10
4nþ 32:4 1014
ð62 104nþ 10:8 1013Þ2 :
If we insert the form of n, we have the tempera-
ture dependence of the Hall constant, which yields
the black curve in Fig. 2. The experimental curves
for samples grown at 340C, 350C, 360C and
370C are also shown for comparison in Fig. 2.
It can be seen that the experimental curves gen-
erally fit the form of the expression of the inverse
Hall constant. The presence of growth-related
defects, however, results in a somewhat different
temperature dependence that depends on the char-
acteristics of the material. Below 200C, the carrier
concentration is quite constant, indicating that
there are no more intrinsic carriers. Hence,
these carriers are due to the ionized impurities
(scatterers). Above 200C, the carrier concentration
increases gradually. Because the electrons are much
lighter than holes, there is a finite possibility that
electrons can reach the conduction band and con-
tribute to electrical conduction (n-type) in the Hall
measurements and will give the sign of the Hall
constant at ordinary temperatures. For the InSb
layer grown at 350C, the electron concentration is
lowest.
The Hall mobilities measured as a function of
temperature for InSb films grown on GaAs and Si
substrates at different temperatures are shown in
Fig. 3. From the figure, it can be seen that the
temperature dependencies of the electron mobility
in all samples are almost identical. The highest Hall
mobility measured at room temperature as
41,100 cm2/V s can be observed in the sample grown
on GaAs at 350C. It is evident that the electron
mobilities of InSb layers grown on GaAs are signif-
icantly higher than those of the films grown on Si
and that the electron mobility decreased with mea-
surement temperature in the samples grown on
GaAs, as well as in the case of InSb on Si. According
to Matthiessens rule, the electron mobility of the








where lb is the intrinsic electron mobility of the
bulk material and ld is the mobility limited by dis-
location scattering. Electrons can be scattered by
the depletion potential around the dislocations and
the lattice dilatation associated with the disloca-
tions. Using the Po¨do¨r and Dexter-Seitz models,20,21
Weng et al.1 found that the dominant factor limiting
the electron mobility was the lattice dilatation
scattering, which is apparently consistent with the
predictions of the Dexter-Seitz model. According to
this model, the mobility limited by deformation
potential scattering ld is inversely proportional to
the edge dislocation density D. These results,
therefore, show a quantitative correlation between
increasing dislocation density and decreasing elec-
tron mobility. The dislocation scattering increases
as the temperature decreases, because the screen
effect of free carriers decreases. Therefore, the
degradation of electron mobility is observed at low
temperature. Figure 3a shows the temperature
dependence of the measured Hall mobilities for the
InSb/GaAs samples. We can see that the electron
mobility for the sample grown at 360C is
30,800 cm2/V s and 19,500 cm2/V s at room tem-
perature (RT) and 77 K, respectively. However, for
the sample grown at 340C, the room temperature
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mobility was found to be higher, but it changed
significantly when the measurement temperature
decreased. We obtained mobilities of 32,000 cm2/V s
and 13,800 cm2/V s at 300 K and at 77 K (reduced
by 57% compared to 36% for sample grown at
360C), indicating that more defects had formed due
to unsuitable growth temperature. For the sample
grown at 350C, the RT electron mobility improved
to 41,000 cm2/V s, corresponding to 2:9 1016cm3
of carrier concentration. The 30% reduction in
electron mobility as the temperature decreased was
smallest, suggesting the good quality of the film.
This highest mobility was higher than the mobilities
reported for 2 lm MBE InSb grown directly on
GaAs samples done by other groups.1,22
The samples grown at 350C and 370C showed
the same carrier concentration at low tempera-
tures (Fig. 2, green and orange curves)—thus the
same number of ionized impurities—but markedly
different mobilities. Apparently, this mobility dif-
ference cannot be an effect of carrier concentration
or ionized impurity concentration. Thus, it is due to
dislocation scattering with different dislocation
densities and is not due to ionized impurity scat-
tering. Generally, the mobility due to ionized
impurity scattering scales with the concentration of
ionized impurities. The low temperature carrier
concentrations in our samples were 1:6 1016 cm-3
(350C and 370C sample) and 2 1016cm3 (340C
and 360C sample), which would correspond to a
change of mobility due to ionized impurity scatter-
ing by a maximum of 25%. Clearly, the low tem-
perature mobility (low temperature chosen to
exclude the influence of intrinsic carriers on mobil-
ity) of the 350C sample was larger, far above 25%,
than the mobilities of the 340C and 360C samples
(the samples with the higher carrier concentration
at low temperature). The higher mobility of the
350C sample can thus not be explained by ionized
impurity scattering only—clearly there has to be an
increase in mobility due to reduced dislocation
scattering.
By comparing Fig. 3a and b, one observes that
InSb/Si exhibits much lower room temperature
mobilities and faster degradation at low tempera-
tures than does InSb/GaAs, because the increase or
decrease in the electron mobilities corresponds to a
decrease or increase in threading dislocation densi-
ties, respectively. Therefore, this strongly suggests
that dislocation scattering plays an important role in
degradation of the electron mobilities of the InSb
films. In the case of InSb/Si, more dislocations can be
generated in the grown InSb layer than those in the
case of InSb/GaAs. The highest RT mobility was
found to be 26,400 cm2/V s for the sample grown at
420C, corresponding to n ¼ 2:5 1016cm3; which
is similar to the best samples on GaAs.
Finally, we describe some results of the growth
and investigation of diluted magnetic semiconduc-
tor (In,Mn)Sb films with a thickness of 1 lm: The
samples were investigated in respect of their mag-
netotransport and magnetization properties. The
samples were p type, with a hole concentration of
1:75 1019cm3 and a mobility of 176cm2/V s at
300 K. Figure 4 shows the magnetoresistance Rsheet
and Hall resistance RHall at 5 K, when the magnetic
field was applied parallel to the layer plane. As
shown in Fig. 4a, a small initial positive magneto-
resistance region followed by a negative magneto-
resistance at high fields was observed. A similar
behavior has also been observed in ferromagnetic
(Ga,Mn)Sb random alloys.23 This feature suggested
the presence of ferromagnetic ordering at low tem-
perature in the samples. The change in negative
magnetoresistance, however, was slight. A study of
spin scattering interactions between the localized
magnetic moments of the substitutional Mn accep-
tors and the holes in an impurity band may help us
obtain a better understanding of this behavior. We
also performed Hall measurement at 5 K, with the
magnetic field applied perpendicularly to the layer
plane. It is well known that Hall resistance in a
(a)
(b)
Fig. 3. Temperature-dependent electron mobilities of the InSb
layers (a) on GaAs and (b) on Si.
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ferromagnetic material can be expressed by the
following equation: RHall ¼ ðRO=dÞBþ ðRA=dÞM;
where RO and RA are ordinary and anomalous Hall
coefficients, respectively, B is the applied magnetic
field, M is the magnetization, and d is the sample
thickness. The second term represents the anoma-
lous Hall effect, which is properly caused by aniso-
tropic scattering between the carriers and local
magnetic moments of Mn atoms. Since, in our
sample, the carrier concentration was quite high,
the first term can be negligible when compared with
the second term. The Hall resistance, RHall, there-
fore, is proportional to the perpendicular component
of the magnetization. As shown in Fig. 4b, the
RHall(B) curve shows a characteristic overshoot. It is
evidently related to the small positive magnetore-
sistance in the same field range. The rapid increase
and saturation at low fields of RHall gradually
become apparent when the temperature is 5 K. The
data may then be compared with the plot in Fig. 5a
of the magnetization measured at 5 K, when the
magnetic field was applied perpendicularly to the
plane. One observes that the two curves do not
completely agree with each other. The M(B) curve
exhibits a clear square hysteresis loop, and the
magnetization is seen to saturate at higher fields,
notably different from the anomalous Hall effect.
That the easy axis of magnetization in this InMnSb/
GaAs sample is perpendicular to the layer plane,
may explain the difference. The in-plane applied
magnetic field in Hall measurements, in contrast to
the magnetization experiments, could result in
some new effects due to electron scattering. To
consider electron scattering in our study, however,
we need a better understanding of the physics
behind the process. Figure 5b shows the tempera-
ture-dependent magnetization results of the sample
in a perpendicular field of 50 Oe. From this plot, a
Curie temperature below 15 K was estimated.
(a)
(b)
Fig. 4. Magnetic field dependence of (a) sheet resistance and (b)
Hall resistance at 5 K of (In,Mn)Sb grown at TMn ¼ 670C.
(a)
(b)
Fig. 5. (a) Magnetic field-dependent magnetization at 5 K when the
field was applied perpendicularly to the layer plane, and (b) tem-
perature-dependent magnetization with a perpendicular field of
50 Oe in InMnSb/GaAs.
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CONCLUSION
To conclude, we have described the growth of
high-quality InSb films on (001) GaAs as well as
(001) Si substrates using molecular-beam epitaxy.
The highest RT electron mobility was 41,000
cm2/V s for a 2 lm-thick InSb film on GaAs grown at
a substrate temperature of 350C. Our results
indicate a significant correlation between the crys-
tal quality of InSb films and the growth condition
such as substrate temperature, growth rate, Sb/In
flux ratio, and the substrate tilting. Our results of
(In,Mn)Sb films on GaAs grown at the same condi-
tions as the best InSb/GaAs sample showed the
presence of ferromagnetic ordering at low temper-
atures and a Curie temperature below 15 K.
There remain a number of open questions con-
cerning the transport and magnetic properties of
(In,Mn)Sb as functions of Mn concentration. Since
(In,Mn)Sb is the III-Mn-V semiconductor with the
largest lattice constant, and some of its band
parameters differ considerably from those of the
other III-Mn-V semiconductors, investigation of its
properties provides a unique case for further eval-
uation of the ferromagnetic semiconductor theories.
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